Perineuronal net (PNN) is a highly structured portion of the CNS extracellular matrix (ECM) regulating synaptic plasticity and a range of pathologic conditions including posttraumatic regeneration and epilepsy. Here we studied Wisteria floribunda agglutinin-stained histological sections to quantify the PNN size and enrichment of chondroitin sulfates in mouse brain and spinal cord. Somatosensory cortex sections were examined during the period of PNN establishment at postnatal days 14, 21 and 28. The single cell PNN size and the chondroitin sulfate intensity were quantified for all cortex layers and specifically for the cortical layer IV which has the highest density of PNN-positive neurons. We demonstrate that the chondroitin sulfate proteoglycan staining intensity is increased between P14 and P28 while the PNN size remains unchanged. We then addressed posttraumatic changes of the PNN expression in laminae 6 and 7 of cervical spinal cord following hemisection injury. We demonstrate increase of the chondroitin sulfate content at 1.6-1.8 mm rostrally from the injury site and increase of the density of PNN-bearing cells at 0.4-1.2 mm caudally from the injury site. We further demonstrate decrease of the single cell PNN area at 0.2 mm caudally from the injury site suggesting that the PNN ECM takes part in the posttraumatic tissue rearrangement in the spinal cord. Our results demonstrate new insights on the PNN structure dynamics in the developing and posttraumatic CNS.
Introduction
Perineuronal net is a highly condensed portion of the brain extracellular matrix (ECM) surrounding cell somata and proximal processes of substantial neuronal populations in various regions of the brain and spinal cord (Kwok et al. 2011; Shen 2018) . Over the last decades perineuronal nets attracted remarkable attention of neuroscientists for their crucial role in the regulation of the CNS plasticity during postnatal development and posttraumatic regeneration (Alilain et al. 2011; Massey et al. 2006; Kwok et al. 2011) . PNN is a crucial functional component of the CNS synapses (Korotchenko et al. 2014; Dityatev and Rusakov 2011) that undergoes major changes during early postnatal development and the brain synaptic circuitry maturation (Carulli et al. 2016) . PNN formation is induced by synaptic inputs to the developing brain neuronal network (Lander et al. 1998; Brückner et al. 2004; McRae et al. 2007; Carulli et al. 2010) . After the PNN is formed it in turn starts to control synaptic Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1073 5-019-09818 -y) contains supplementary material, which is available to authorized users. plasticity (Pizzorusso et al. 2002; Corvetti and Rossi 2005; Miyata and Kitagawa 2015) .
Wisteria floribunda agglutinin (WFA) is commonly used to detect the N-acetyl-galactosamine (GalNAc) residues within chondroitin sulfate chains (Härtig et al. 1992) . WFA staining is abrogated by the chondroitinase ABC (Chase-ABC) treatment (Fawcett 2015) or by the ablation of the major PNN chondroitin sulfate proteoglycan (CSPG) aggrecan Giamanco et al. 2010 ). In a number of studies using ChaseABC CSPGs were demonstrated to be the central molecular component of PNN restricting synaptic plasticity during the closure of the critical period and in the adult CNS (Fawcett 2015; García-Alías et al. 2009; Pizzorusso et al. 2002) . At the same time quantitative comparison of the chondroitin sulfate enrichment in the PNN at different developmental stages remains largely unaddressed.
Acute injury to the brain or spinal cord causes a complex cascade of changes in cell biochemistry, morphology, cell-cell interaction and tissue architecture (Burda et al. 2016) . Neuronal networks undergo profound plasticity including compensatory sprouting and regeneration attempts (Cregg et al. 2014) . The role of PNN in the regulation of posttraumatic regeneration has been studied in the model of spinal cord dorsal column transection followed by the brainstem nuclei deafferentation (Massey et al. 2006) , spinal cord hemisection (Alilain et al. 2011 ) and peripheral nerve injury (Galtrey et al. 2007) .
While the physiological importance and protein content of PNN received much attention over the last decade (Kwok et al. 2011; Miyata and Kitagawa 2015) , quantitative studies on the PNN microstructure and chondroitin sulfate enrichment in development and posttraumatic condition are largely missing. Here we used quantitative image analysis to reveal changes of the PNN area and the CSPG enrichment in the developing somatosensory cortex and the posttraumatic spinal cord.
Materials and methods

Brain tissue preparation
Mouse brain samples of postnatal day 14, 21 and 28 were collected according to regulations of the ethics committee of Kazan Federal University. All applicable institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the institution at which the studies were conducted. For immunohistochemistry animals were terminally anaesthetized with an intraperitoneal overdose of Urethane (Sigma-Aldrich) and were immediately perfused through the heart with 30-50 ml of ice-cold phosphate-buffered saline (PBS, pH 7.4), followed by 30-50 ml of ice-cold 4% paraformaldehyde applied at 10 ml/min.
For the cortex dissection mice were decapitated and the scull was cut from foramen magnum to lambda with microsurgery scissors. After that interparietal, parietal and frontal bone plates were carefully removed with microsurgery tweezers to expose the cortex. The dissection was controlled with a binocular microscope. In the case of tissue damage samples were excluded from the experiment.
Brains were postfixed overnight in 4% paraformaldehyde at 4 °C. After that brains were cryoprotected with 30% sucrose for 48 h and then frozen in embedding Tissue-Tek medium (Sakura).
To control precise orientation of the Tissue-Tek-embedded samples we applied fine grids on the embedding forms (Sakura) to mark the border of the tissue sample location. Then a few drops of Tissue-Tek was applied to the form and cooled down till it became highly viscous. After that the brain or spinal cord sample was positioned inside the form according to the grid. High viscosity of the embedding medium made it possible to control the tissue orientation and prevent the spinal cord bending along the dorsoventral axis. Finally the sample was fully embedded in Tissue-Tek and incubated in a box with dry ice until complete freezing (about 30 min). After that the forms with samples we transferred to − 80 °C. The samples were kept at − 80 °C in a paper box for 1-2 days before cryosectioning. 20 µm thick coronal brain sections were cut with a Thermo Cryotome FE & FSE A78910100 at the temperature − 12 to − 15 °C. The somatosensory cortex regions were determined using Comparative Cytoarchitectonic Atlas of Mouse Brain (Patrick R. Hof, Elsevier), bregma 0 to − 1 mm. Sections were placed on Menzel-Gläser supefrost plus slides (Thermo Scientific) and air dried at room temperature for 10 min prior to WFA staining detailed below.
Brain tissue staining
The biotinylated Wisteria floribunda agglutinin (VectorLab, USA) was used for the PNN staining. After sectioning samples were washed three times using phosphate buffered saline (PBS, pH 7.4) to remove embedding medium. Then sections were treated for 1 h with the blocking solution: 5% bovine serum albumin (BSA, Sigma) in 0.1 M PBS. To block endogenous biotin, a streptavidin/biotin Blocking Kit (Vector Lab, USA) was used according to the manufacturers protocol. After that the sections were quickly rinsed in PBS and incubated overnight at + 4 °C with the biotinylated WFA at a final concentration 2 µg/ml (dilution 1:1000) in PBS with 10 mM HEPES, pH 7.4. Sections were washed 4-5 times for 5 min with PBS and incubated for 30 min with AlexaFluor 633-conjugated streptavidin (Invitrogen) (dilution 1:100) in PBS (pH 7.4). Finally the sections were washed 4-5 times for 5 min with PBS, air-dried and coverslipped with ImmunoMount (Thermo Scientific). To control for the staining specificity brain sections were treated with AlexaFluor 633-conjugated streptavidin, but not with WFA (Online Resource 1).
Spinal cord injury
All experimental protocols for the spinal cord injury experiments were approved by ELLA-Animal Experiment Board in Finland (the permission numbers: ESLH-2008-09065/ YM-23 and ESAVI/11326/04.10.07/2014). 1 month old C57bl/6 female mice were anaesthetized with an intraperitoneal mixture of ketamine (80 mg/kg) and xylazine (10 mg/ kg). After laminectomy at C5 vertebral level, the dura was carefully removed. The right cervical spinal hemicord was transected with a 25G syringe needle from midline dorsal vessel to the lateral side. Control animals got a sham surgery that included laminectomy while the spinal cord and spinal cord's membrane left intact. After the suturing of skin and muscles mice were kept in warm recovery cage for 2-4 h until animals regain ability to move. Animals were treated with Rimadil (5 mg/kg, Pfizer) and Rapidexon (0.2 mg/kg, Evrovet) to reduce pain and inflammatory swelling for the next 3-4 days after surgery until animals stopped to lose body weight. A few animals were in severe health condition as a result of the injury operation-those were not able to move within 3 days after spinal cord injury and lost more than 20% of body weight. Those animals were excluded from the analysis.
Spinal cord tissue preparation
At 9 weeks after injury animals were anaesthetized with carbon dioxide before surgical procedures. After that, as soon as mouse reflexes disappeared, mice were perfused through the heart with ice-cold PBS buffer (pH7.4; 50 ml per mouse) and 4% paraformaldehyde in PBS (pH 7.4, 25 ml per mouse).
For the spinal cord preparation the cervical region of the vertebral column was dissected from the body. Dorsal portions of the neural arches were carefully removed with microsurgery tweezers under a binocular microscope. Intact dura mater and the absence of visible damage were used as the criteria of proper dissection.
Finally, the pieces of spinal cord were cryoprotected with 30% sucrose for 48 h at + 4 °C and then snap-frozen on dry ice in embedding Tissue-Tek medium. Then the 20 µm thick longitudinal horizontal sections were cut with cryotome (Leica, Germany). Sections at the level of the central channel were selected from the entire set of sections.
Spinal cord staining procedure
Free-floating modification of the previously described PNN staining protocol (Arnst et al. 2016 ) was used in the present study. The biotinylated WFA (Vector Lab, USA) was used at a 1:500 dilution and the Alexa Fluor 633-conjugated streptavidin at a 1:100 dilution. Mouse monoclonal antibodies (Swant) were used for the parvalbumin (PV) staining of spinal cords. The secondary antibody was goat anti-mouse, Alexa Fluor 488-conjugated (Thermo-Fisher Scientific).
Microscopy
Epifluorescent images were collected for the PNN analysis. Brain sections were imaged with Zeiss Axio Imager 2.0 microscope with Plan-Apochromat x20/0.8 objective and Zeiss AxioCam HRc digital camera (Carl Zeiss Microscopy), pixel size 0.51 µm. In each experiment imaging settings were selected for P28 mouse brain samples so that the brightest PNN were not overexposed. The same settings were then used for P14 and P21 samples. Spinal cord sections were imaged with x10/0.6 objective, pixel size 0. 
Image analysis
FIJI software (Schindelin et al. 2012 ) was used for image analysis. The PNN-labelled area and intensity parameters were used to quantify the enrichment of chondroitin sulfates. For the comparison of the PNN area and the intensity values at different distances from the spinal cord injury, the parameters (I n − I mean )/I mean and (A n − A mean )/A mean were quantified, where I mean is an average single cell PNN intensity value for each section, A mean is an average single cell PNN area value for each section, I n and A n are the PNN intensity and area values for individual cell. Statistical analysis is presented for at least 3 independent experiments using one-way ANOVA (Excel, Microsoft). In the spinal cord injury experiments paired t test was used for pairwise comparison of data points at various distances from the injury site. We used a custom implementation of the permutation test (Welch 1990) to assess significance of the differences of the PNN area, intensity and PNN-positive cell density values at different distances from the spinal cord injury. Permutation tests were run with MatLab. Error bars represent standard error of mean (SEM), symbols *, ** and *** represent P < 0.05, 0.01 
Results
PNN area and intensity quantification
We used the intensity-based autothreshold procedure of the FIJI software to segment single cell PNN borders in histological sections of the adult mouse brain somatosensory cortex (Fig. 1a and Online Resource 3). For each single PNN-embedded neuron, the cell center was marked manually with the PointPicker tool (Fig. 1c) . Next, a semi-automatic procedure was used to select appropriate segmentation area (i.e. cell size) for each single neuron. For each PNN-bearing neuron the appropriate cell size was chosen out of 5 variants, square size: 10.2; 15.3; 20.4; 25.5; 30.6 µm (20, 30, 40, 50, 60 pixels, respectively) (Fig. 1d, g-k) . Autothresholding was performed with 16 different algorithms to ensure unbiased selection of the intensity threshold 1 3
values. The set of autothresholding algorithms used in the present analysis produced 16 intensity values for the segmentation threshold resulting in a variety of the single cell PNN borders (Fig. 1g-k) . The total number of 1079 PNNbearing neurons were analysed for cortical sections from 5 adult mice (Fig. 1b and Online Resource 4). Area and mean intensity were measured for the resulting masks of PNN surrounding individual neurons. We then tested convergence of the mean area values for single cell PNN based on 5 independent experiments and selected 4 algorithms (Shanbhag, Intermodes, IsoData, Mean) out of 16 that produced the most consistent quantification results. The single cell PNN intensity distribution histogram was extended on the right with intensity range of 120-200 arbitrary units being highly populated (Fig. 1e) . The mean PNN intensity value was 152.8 a.u. (± 37.2). The single cell PNN area histogram demonstrated Gaussian-type distribution ( Fig. 1f) with the mean single cell PNN area value 289.3 µm 2 (± 100.1).
PNN distribution in somatosensory cortex
It was previously demonstrated that PNN-positive cells were enriched in the somatosensory cortical layers IV and VI (McRae et al. 2007 ). In the present study, we compared the PNN area and the chondroitin sulfate enrichment for the layers IV and VI (Fig. 2a, b and Online Resources 5, 6). The chondroitin sulfate staining intensity was higher for the layer IV as compared to the neurons located outside the layers IV and VI (Fig. 2c) . No significant difference was observed for the PNN area between the studied regions (Fig. 2d) .
Developmental changes in the somatosensory cortex PNN
We then used the same approach to quantify developmental dynamics of PNN maturation during the first postnatal month in juvenile mice. WFA staining for PNN was examined in the brain somatosensory cortex sections at the ages P14, P21 and P28 (Fig. 3a-c , Online Resources 7-12), the total number of 1822 neurons was analyzed from 9 mice, 3 independent experiments (~ 202 neurons per mouse). The intensity of WFA staining raised gradually during the studied developmental period (Fig. 3d, e) . Single cell PNN intensity distribution histograms demonstrate a profound developmental change of the chondroitin sulfate content distribution within the neuronal population. While the PNN intensity is characterized by a narrow peak of 50-100 arbitrary units at P14, the distribution profile changes remarkably at P21 and finally transforms into asymmetric distribution of the single cell intensities at P28 characterized by a broad extension of the histogram towards higher intensity values (Fig. 3e) . By contrast, no significant changes were observed for the single cell PNN area (Fig. 3f, g ). The mean area values for a single cell PNN were 286.7 µm 2 , 296.2 µm 2 , and 282.5 µm 2 at P14, P21 and P28, respectively.
PNN is differentially regulated following spinal cord injury
The PNN CSPGs have been suggested to contribute to the mechanism of the regeneration failure after the spinal cord injury (Alilain et al. 2011; Massey et al. 2006 ). We therefore studied posttraumatic ipsilateral changes to the single cell PNN area and chondroitin sulfate staining intensity in the adult mouse spinal cord 9 weeks after cervical lateral hemisection in 7 injured mice, total number of neurons 3934. In the absence of spinal cord injury PNN area and intensity exhibit uniform distribution along the C3-C7 portion of the spinal cord as assessed for 4 control animals, total number of neurons 1980 (Fig. 4 , Online Resource 13). By contrast, following the cervical lateral hemisection mean values for the PNN area were significantly lower within 200 µm caudally from the injury site (Fig. 5a , Online Resource 14) as compared to the nearest proximal 200 µm area rostrally from the injury site of the examined cervical spinal cord (Fig. 5d) . Permutation test (Welch 1990 ) was used to verify significance for multiple data point comparison.
In the injured animals mean intensity values for single cell PNN were significantly higher at 1.4, 1.6 and 1.8 mm rostrally from the injury site in comparison to other portions of the examined cervical spinal cord (Fig. 5e ).
PNN density is increased caudally from the injury site
We then quantified the density of PNN-bearing cells next to the injury site. We observed sustained increase of the PNN-bearing cell density in caudal direction (Fig. 6 ). This distribution was not observed in control uninjured animals (Online Resource 15). 
Discussion
Previous studies on PNN reported purely qualitative or limited quantitative assessment of the PNN microstructure during the CNS development and under posttraumatic conditions (McRae et al. 2007; Alilain et al. 2011; Massey et al. 2006) . While developmental mRNA changes have been quantified for the PNN components including aggrecan, CRTL1, BRAL2, tenascin-R, HAS1 and 3 (Galtrey et al. 2008) , the studies of the PNN size and intensity remained largely qualitative. Here we propose a semi-automatic approach for retrieval of quantitative parameters of PNN to be used for the studies of the development-and pathologyassociated changes in the CNS ECM.
The autothresholding-based approach used in the present study allows unbiased quantification of the major microstructural parameters of PNN (Fig. 1) . The method presented here works on epifluorescent images suggesting that it can be widely applicable on regular microscopy equipment. Together with the semiautomatic procedure of the single cell PNN mask segmentation this suggests that the method can be highly efficient for the quantitative analysis of the PNN microstructure in large numbers (thousands) of individual cells. A limitation of the present method is that it is not fully automatic in terms of the selection of single cell positions and the size of segmentation area. In the present study we took advantage of the permutation test for quantitative comparison of multiple regions within the injured spinal cord based on the distance from the injury site (Figs. 5, 6 ). Our results suggest that the permutation test can serve as a highly valuable statistical tool especially for the comparison of large numbers of data points that is often the case for biomedical research.
Two other approaches were reported previously for the single cell PNN intensity quantification. One is based on random selection of 15 pixels within a WFA-positive perineuronal area (Foscarin et al. 2011 ). The method is applicable to limited cell numbers. Another method based on a region of interest construction around WFA-positive areas has been used for the analysis of large cell numbers in the model of cocaine addiction (Slaker et al. 2016 (Slaker et al. , 2018 . The method was not applied to the PNN area measurements.
PNN was reported in mouse somatosensory cortex as early as P10 (Nakamura et al. 2009 ) and is upregulated in various cortical regions between P14 and P30 (Ueno et al. 2017) . In the rat spinal cord PNN mostly develop between P7 and P21 (Galtrey et al. 2008 ). Here we report gradual increase of the chondroitin sulfate GalNAc epitope enrichment in the mouse brain somatosensory cortex PNN during P14-P28 (Fig. 3d, e) . The observed upregulation of chondroitin sulfate further supports the role of CSPG in the inhibition of synaptic plasticity during the closure of the critical period in mammalian brain (Miyata and Kitagawa 2015; Pizzorusso et al. 2002) . Broadening of the single cell intensity distribution histogram between P14 and P28 reported in the present study (Fig. 3e) reflects changes of the chondroitin sulfate content within the PNN-bearing cell population and may be a characteristic feature of the PNN maturation during the closure of the critical period.
Yamada and co-authors previously compared chondroitin sulfate intensity in the PNN of parvalbumin-positive neurons in mouse hippocampus and dentate gyrus at P14, P60 and 12 months age (Yamada and Jinno 2013) . In agreement with our data (Fig. 3 ) the authors report significant increase of the WFA staining intensity between P14 and P60 in the hippocampus and throughout the studied life period in dentate gyrus. Here we observed that the PNN area does not change significantly between P14 and P28 (Fig. 3f, g ). This suggests that the extracellular volume occupied by PNN is set up early in postnatal development and preserves during the PNN maturation of somatosensory cortex. This finding may reflect the importance of the CSPG-enriched ECM for the ion homeostasis (Kwok et al. 2011) , reactive oxygen species metabolism (Cabungcal et al. 2013 ) and for the tissue (Carulli et al. 2013; Kanato et al. 2009; Milev et al. 1998; Nandini et al. 2004 ) during the brain development and synaptic wiring.
The chondroitin sulfate moieties of PNN may contribute significantly to the inhibition of posttraumatic regeneration in the injured brain and spinal cord as CSPG digestion with chondroitinase ABC improves axonal regeneration in the injured spinal cord (Bradbury et al. 2002; García-Alías et al. 2009; Yick et al. 2003) . The injury-induced upregulation of the PNN-associated CSPG was demonstrated in deafferented brainstem nuclei and around the spinal cord motor neurons far from the injury site (Alilain et al. 2011; Massey et al. 2005 Massey et al. , 2006 . In addition to that, axonal sprouting was restricted to the PNN-and CSPG-deficient regions in the posttraumatic brain cortex (Harris et al. 2010) .
CSPG upregulation has been studied extensively in the posttraumatic glial scar as a major component of posttraumatic pathology causing inhibition of posttraumatic regeneration of the synaptic network (Cregg et al. 2014; Silver and Miller 2004) . Upregulation of specific CSPGs including neurocan, brevican and versican along with changes in chondroitin sulfate sulfation patterns were reported in vicinity of the injury site (Jones et al. 2002 (Jones et al. , 2003 Buss et al. 2009 ). There is also a study demonstrating downregulation of aggrecan, neurocan and phosphacan around the injury site (Harris et al. 2009 ). Posttraumatic changes in the CSPG expression distantly from the injury site received less attention so far (Alilain et al. 2011; Massey et al. 2006) . Those PNN changes were observed at 1-2 weeks after injury. The mechanism for the posttraumatic upregulation of the PNN CSPG may be associated with pro-inflammatory stimuli in deafferented nuclei (Alilain et al. 2011) . In the present study we addressed long-lasting posttraumatic changes to the PNN size and intensity at 9 weeks after injury (Fig. 5) . We demonstrate increase of the PNN chondroitin sulfate content at 1.6-1.8 mm rostrally from the injury site in laminae 6 and 7 grey matter around the central channel (Fig. 5e) . In addition to that, the density of PNN-positive cells is significantly increased at 0.4-1.2 mm caudally from the injury site (Fig. 6) . As revealed in the previous studies (Alilain et al. 2011; Massey et al. 2006) this upregulation of the PNN chondroitin sulfate may contribute to the posttraumatic inhibition of the synaptic network regeneration in the injured spinal cord. We further demonstrate decrease of the PNN area at 200 µm caudally from the injury site (Fig. 5d) , that is likely to reflect major posttraumatic changes in the nervous tissue adjacent to the injury site (Wanner et al. 2013; Cregg et al. 2014) . The PNN area decrease reported in the present study may be caused by the superoxide production and oxidative stress in the injured CNS parenchima (Zhang et al. 2012) . Indeed, chondroitin sulfate as well as another major PNN component hyaluronan can be degraded by reactive oxygen species (Rees et al. 2004) .
In the present study we observed changes in the PNN area, CSPG enrichment and the density of PNN-bearing neurons within 1.8 mm rostrally and 1.2 mm caudally from the hemisection applied at C5. The cervical spinal cord portion (C3-C6) analyzed here corresponds to the phrenic motor nuclei location and the dorsal root entry zone for the phrenic afferents (Alilain et al. 2011; Nair et al. 2017) . While phrenic motor neurons are located in the ventral horn, phrenic afferents project densely to the intermediate grey at C3-C6 (Nair et al. 2017) , i.e. to the area analyzed in the present study (Figs. 4, 5, 6, . Thus, the PNN-bearing neurons studied here may belong to the spinal cord synaptic circuitry of the respiration control. Our results suggest that the majority of those neurons are parvalbumin-positive interneurons (Online Resources 16-18). Respiratory disfunction is a severe consequence of the spinal cord injury (Schilero et al. 2018 ) underscoring the importance of posttraumatic neuronal plasticity in the studied area. The upregulation of the PNN chondroitin sulfate content at 1.6-1.8 mm rostrally from the injury site and the increase of the density of PNN-positive cells at 0.4-1.2 mm caudally from the injury site may serve as limiting factors for the posttraumatic regeneration of the phrenic motor control.
In summary, in the present study we reveal quantitative changes of the PNN structure during the CNS maturation and posttraumatic tissue reorganization. Our results suggest that the changes of the CSPG enrichment in PNN represent a common feature for the CNS early postnatal development and posttraumatic regeneration-the two states characterized by enhanced neuronal plasticity (Batty et al. 2017; Song and Dityatev 2018) . The quantitative studies of the brain and spinal cord tissue microstructure performed in the present report could be further extended to address changes in the ECM associated with maturation of synaptic circuits and CNS injuries. 
